volume and surface area ranged from 60.5 to 71.1%; 3.52 to 3.81 cm 3 and 0.60 to 0.61 cm 2 for almond cultivars. The greatest and least rupture force of almond were obtained along the X and Z axes for each cultivar. The results indicated that the effects of compression  along the axis and speed on the rupture force were highly dependent on almond cultivars.  Selected mechanical properties were affected by geometric and mechanical parameters of  almond cultivars. 
INTRODUCTION
Almond is widely growing in Anatolia and Turkey with an annual production of about 45.000 tons. [1] Almond harvesting and cracking are still done manually, which increases processing time and cost for kernel extraction in Turkey. In order to design equipment used in harvesting, transporting, storing, cracking, handling, and processing of nuts and kernels of almonds; the geometric and mechanical properties of local almonds should be determined. In the design of almond cracking and grinding machine, mechanical properties of nut and kernels are important to know.
In postharvest, the most important operation is nut cracking to extract kernel from the almond nut. Shell hardness of almond nut changes in relation to almond cultivars and the cracking operation is affected by geometric and mechanical properties of almond cultivar. Compression orientation and speed affect the amount of force applied to crack almonds. Thus, postharvest processes such as cracking and grinding systems must be designed based on the geometric and mechanical properties. Harvesting and handling of the almond are carried out manually. The threshing is usually carried out on a hard floor with a homemade threshing machine. For optimum threshing performance, processes of pneumatic conveying, storing and other processes of almond nut, its geometric properties and mechanical properties must be known. [2] The mechanical properties of agricultural materials are necessary in designing and effective utilization of the equipment used in the transportation, processing, packaging and storage of agricultural products. Several researchers have investigated the physical and mechanical properties of various crops such as macadamia nut [3] ; castor nut [4] ; raw cashew nut [5] ; hazelnuts [6, 7] ; arecanut kernel [8] ; groundnut kernel [9] ; almond nut and kernel [2] ; shea nut [10] ; pine nuts [11] ; mangoes [12] ; peach [13] ; peanut [14] and walnut. [15, 16] Dursun [17] reported the compression position influenced the amount of force applied to crack of walnuts and other nuts. Additionally, the above author reported that the cracking position had an important on various nuts. Oloso and Clarke [18] evaluated the effect of moisture content, pre-damage cultivar, and direction of loading on rupture force, rupture energy and rupture deformation under compression tests for roasted cashew nuts. Liu et al. [19] reported the cracking behaviour of macadamia nut's shell by theoretically and numerically. Gurhan et al. [20] evaluated the mechanical behaviour of three apricot cultivars under compression loading at three axes and different deformation speeds. Guner et al. [7] evaluated the mechanical behaviour of hazelnut cultivars under compression loading and two deformation rates to determine the rupture force, specific deformation and rupture energy required to initiate nut and kernel rupture.
Limited researchs have been conducted on the mechanical properties of almond. Some engineering properties of almond, such as rupture strength, sphericity were reported by Kalyoncu [21] ; Aydin. [2] However, there is insufficiency of technical information and data of different cultivars of almond in the scientific literature with regards to the mechanical behaviour of almond nut under different compression axis and compression speed. The objective of this study was to investigate the effect of compression speed and axis on mechanical behaviour and selected geometric properties such as size dimension, sphericity, unit mass and surface area of almond cultivars (Nonpareil, Picantili, and Drake). The mechanical properties examined were rupture force, specific deformation, absorbed energy and required power to rupture.
MATERIALS AND METHODS
The almonds were obtained from the production of 2007 and almond orchard of Gaziosmanpasa University in Tokat, Turkey. The almond orchard was arid and non irrigated. Almond trees' ages are for five years. The almond cultivars used in the study are the international cultivars. Nonpareil and Drake cultivars are originated from USA and Picantili cultivar is from Russian. [23] The almond samples were cleaned to remove impurities, damaged, and broken nuts. The dimensions, sphericity, unit mass, volume, surface area of almond nut and kernel were determined. The moisture content of the almond nut and kernel samples were determined using the method recommended by Braga et al. [3] The tests were carried out on almonds at moisture contents of nut and kernel 9.74 and 3.87% (Nonpareil); 9.54 and 5.31% (Picantili); 9.79 and 4.71% d.b (dry basis; Drake), respectively.
To determine the average size of the almond, a sample of 100 almonds was selected randomly. The length, width, and thickness of almonds were measured. Along the three major perpendicular axes, the dimensions of the almond were measured by a dialmicrometer to an accuracy of 0.01 mm. To obtain the unit mass, each nut and kernel were weighted with an electronic balance to an accuracy of 0.001 g. The geometric mean diameter (D g ), sphericity (Φ) and volume (V) of almond were calculated by the following relationships. [2, 24] where, L is the major axis dimension, W is the minor axis dimension and, T is the thickness in mm. The surface area of almond nut was found by analogy with a sphere of same geometric mean diameter, using expression cited by Olajide and Ade-Omowaye: [24] where S is the surface area in mm 2 ; and D g is the geometric mean diameter in mm. A biological materials test device was used to determine the mechanical properties of the almonds tested. This device (Zwick/Roell, Instruction Manual for Materials Testing Machines/BDO-FB 0.5 TS) have three main components: a moving platform, a driving unit and a data acquisition (load cell, PC card and software) system. [25] Compression force was measured by the data acquisition system. The almond nut sample was placed on the moving platform and loaded at three compression speeds (50.4, 100.2 and 199.8 mm/min) and pressed with a plate fixed on the load cell until the nut ruptured. These speeds are relevant to the studies conducted by several researchers. [15, 16, 26] It was assumed that rupture occurred at the bio-yield point, which is the point on the force-deformation curve in which there was a sudden decrease in force. From the compression speed and time, almond shell deformation was recorded and ruptures force (F) and deformation (D) was measured directly from the plotted force-deformation curve ( Fig. 1 ). As the compression begin and progressed, a forcedeformation curve was plotted automatically in relation to the response of each almond nut. The force-deformation curves obtained at each loading axis and compression speed level for the three almond cultivars. Samples were compressed along X, Y, and Z axes to determine the rupture force, specific deformation, absorbed energy and required power for cracking. The X axis (force F x ) is the longitudinal axis (length), the Y axis (force F y ) is the transverse axis (width) at right angles to the X axis in the plane of the suture, and the Z-axis (force F z ) is the transverse axis (thickness) at right angles to the plane of the suture (Fig. 2 ). The specific deformation was obtained from the following equation:
where e is the specific deformation in %; L u is the undeformed almond dimension on the direction of the compression axis in mm; and L f is the deformed almond dimension on the direction of the compression axis in mm. [3] Absorbed energy (E a ) by the sample at rupture was determined by calculating the area under the force-deformation curve from the following equation:
Example of experimental force-deformation curve of almond nut in the study.
Figure 2
Representation of the three axial forces (F x , F y , and F z axial forces) and three perpendicular dimensions of almond nut.
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where, F is the rupture force and D is the deformation at rupture point. [3, 15] The required power for cracking was calculated as belows:
where, P is required power for cracking in W; E a is absorbed energy in mJ; V c is compression speed in mm/min and D is deformation up to cracking point in mm. [15] In this experiment, a total sample of 270 almond nuts were used, the data was analyzed using a randomized complete block design with split block. In this design, the main factor is almond cultivar and sub-factor is compression axis and speed. Results were analyzed using analysis of variance and the means were compared using LSD test as described by Gomez and Gomez. [27] RESULTS AND DISCUSSION
Geometric Characteristics
The average nut and kernel size dimensions of the three almond cultivars were presented in Table 1 . The mean values of unit masses of nut and kernel for Nonpareil, Picantili and Drake almond cultivars were 2.30, 0.89 g; 2.77, 1.07 g, and 2.00, 0.81 g, respectively. The greatest values of unit mass of almond nuts were obtained for Picantili followed by Nonpareil and Drake cultivars, respectively. Arslan and Vursavu4 [28] reported that Ferragnes, Ferradual, and Guara nut masses (3.67, 3.95, and 4.01 g) were slightly higher than those of reported in this study. (14.13, 11 .51, and 13.83 mm), and geometric mean diameter (19.28, 18 .95, and 18.76 mm) of the Nonpareil, Picantili and Drake nuts were recorded in this experiment, respectively. The greatest values of dimension of almond nut and kernels were obtained for Picantili followed by Nonpareil and Drake cultivars, respectively.
The mean values of sphericity for almond cultivars were 71.1% for Nonpareil, 60.5% for Picantili, and 69.4% for Drake cultivar respectively. The highest value of sphericity for almond nut was obtained from Nonpareil cultivar. The mean values of surface area of nut of Nonpareil, Picantili and Drake cultivars were 0.61 cm 2 , 0.60 cm 2 , and 0.60 cm 2 , respectively. The obtained values of surface area were similar for each cultivar. The mean shell thickness of almonds were 1.94, 2.43 and 1.89 mm for Nonpareil, Picantili and Drake cultivars, respectively ( Table 1) . Aydin [2] reported shell thickness of almond (2.61 mm) are slightly higher than those of reported in this study.
Mechanical Properties
Rupture Force. The force required to initiate nut rupture in samples with varying almond cultivars along the three different compression axes is presented in Fig. 3 . The lower force required to initiate nut rupture along the Z axis were obtained for Nonpareil, Picantili and Drake cultivars. The rupture force of almond nut decreased from 467.9 to 341.8 N, 483.0 to 289.7 N, and 443.6 to 264.12 N as the compression speed increased from 50.4 to 199.8 mm/min for Nonpareil, Picantili, and Drake, respectively. The results indicated that the rupture force along all three axes is highly dependent on cultivar over the compression speed ranges that were investigated. Greater force was required to rupture of nuts with Nonpareil cultivar being tested at the lower compression speed. The rupture force of almond decreased as the compression speed increased from 50.4 to 199.8 mm/ min for all three almond cultivars. The greatest force was required to rupture kernels with Picantili cultivar as 483.0 and 469.9 N when loading along X axis at 50.4 and 100.2 mm/ min compression speeds, respectively. These results might have concluded from the higher values of shell thickness of Picantili than the other cultivars. Rupture force of Picantili cultivar increased as its shell, dimension, and compression speed increases. Borghei et al. [29] reported the importance of walnut compression axis and dimension effect on the rupture force and deformation among walnut cultivars. They also reported the rupture force and deformation increased while walnut dimension increased. Khazaei et al. [15] reported the compression speed, nut dimension and compression orientation had significant effects on cracking force and required power to fracture. Required force to rupture the almond increased as shell, dimension and compression speed increased. It is also reported by Khazaei et al. [15] that the higher rupture force for big almonds may be due to their thicker shell.
The loading axis with the least resistance to rupture force of almond was the Z-axis. The rupture force of nut measured when loading along the suture thickness (Z-axis) was obtained from 376.2 to 347.8 N (Nonpareil), 325.3 to 289.7 N (Picantili), and 353.7 to 264.1 N (Drake) cultivar at the 50.4, 100.2, and 199.8 mm/min compression speeds, respectively. The higher rupture forces of almond required when loading along the X-axis were found for all three almond cultivars. The lowest rupture force for almond nut was obtained as 264.1 N for Drake cultivar loading along Z axis at 199.8 mm/min compression speed. Generally, the lower rupture force for almond nut was obtained at 199.8 mm/min compression speed for all three almond cultivars.
The effects of cultivar, compression speed and axis on rupture force were significant (P < 0.01). In this study, cracking of almond nut along X axis requires the greater force than along the Y and Z axes. Dursun [17] reported the average rupture forces for required cracking of almonds at longitudinal axis through the hilum (X), right angles to the longitudinal axis (Y axis) and along the suture line (Z axis) were obtained as 209.1, 244.6 and 149.4 N, respectively. [17] Khazaei [15] reported the mean rupture force values of almonds changed 778 N, 626 N and 549 N along the 5, 100 and 200 mm/min loading rate, respectively. [15] Aydin [2] reported that the maximum rupture forces required to crack almonds were occurred along the longitudinal axis (X). Koyuncu et al. [30] reported that the maximum and minimum forces required to crack walnuts (Yalova-3 cultivar) were occurred at right angles to the longitudinal axis and along the longitudinal axis. They determined the effects of compression orientation, geometric mean diameter and shell thickness of walnut on the rupture force. They found the rupture force loading along X axis required less force and yielded the best kernel extraction quality for walnut cultivars. Koyuncu et al. [31] reported that the average rupture forces required to crack almonds at longitudinal axis through the hilum (X) obtained as 246.7 and 167.4 N for Bilecik and Sebin walnut cultivars, respectively. Kilickan and Guner [32] ; Sharifian and Derafshi [26] reported that, the rupture force increased as compression speed, shell thickness, fruit and pit size increased for olive and walnut.
Specific deformation. The mean values of specific deformation of almonds are presented in Figure 4 . The specific deformation decreased along the compression axis as the compression speed increased. The specific deformation values for almond cultivars ranged from 17.2 to 14.4% (Nonpareil), 18.5 to 13.8% (Picantili), and 20.1 to 20.0% (Drake) as the compression speed increased through the three test speeds, respectively. The results show that the specific deformation along any of the X-, Y-and Z-axes is highly dependent on the almond cultivar over the range of compression speeds investigated.
The specific deformation value was found that loading along Y axis for Drake cultivar was higher than the other cultivars. The lowest specific deformation value (10.81%) was obtained for Drake cultivar loaded along Z axis. The loading axis that yielded the least specific deformation was the Z-axis. The specific deformation measured while loading along the right angles to the longitudinal axis (Y-axis) ranged from 19.7 to 17.7% (Nonpareil); 19.7 to 16.1% (Picantili); and 26.12 to 25.6% (Drake) cultivar, respectively. The highest specific deformation values were observed for each almond cultivar when loading along the Y-axis. Statistical analysis showed that the specific deformation differences among the almond nuts were significant for cultivar, compression axis and compression speed were significant. Guner et al. [7] reported that the maximum and minimum specific deformation of hazelnut cultivars were occurred at Z axis (8.65%) and X axis (5.48%). These results for hazelnuts are slightly higher than those of reported for almond in this study. Koyuncu et al. [30] reported the specific deformation was inversely correlated with shell thickness for length and was found to be weak for width and suture position. They also reported the specific deformation was required to crack as geometric mean diameter increased. Braga et al. [3] reported similar results for macadamia nuts.
Absorbed energy. The absorbed energy of rupture decreased along the compression axis as the compression speed increased in the three almond cultivars (Fig. 5 ). The results indicate that the absorbed energy along any of the test axis is generally highly dependent on the compression speed and almond cultivar tested. The higher absorbed energy of almond was obtained for Nonpareil, Picantili and Drake cultivars along the X-axis (F x ) than those loaded along the other axes. The effects of cultivar, compression speed, and axis on absorbed energy were significant (P < 0.01). The absorbed energy values of almond ranged from 1229.9 to 289.4 mJ (Nonpareil), 1096.4 to 270.7 mJ (Picantili) and 1298.9 to 153.2 mJ (Drake) when loading along the compression axis tested. The absorbed energy values for Nonpareil were lower than those Picantili and Drake cultivars. The results might have concluded from the higher values of geometric mean diameter of Nonpareil cultivar. Similarly, Koyuncu et al. [30] reported the rupture energy decreased with increase in geometric mean diameter and correlated negatively. They also reported the maximum and minimum energy required to crack walnuts (Yalova-3 cultivar) occurred at right angles to the longitudinal axis (0.440 J) and along the suture positions (0.273 J). Koyuncu et al. [31] reported the average absorbed energy required to crack walnuts at longitudinal axis through the hilum (X) obtained as 0.46 and 0.07 J for Bilecik and Sebin walnut cultivars, respectively. Khazaei et al. [15] reported the mean absorbed energy values of almonds ranged from 540 mJ, 482 mJ and 450 mJ along the 5, 100 and 200 mm/min loading rate, respectively. They also reported the absorbed energy increased with increasing almond dimension, shell thickness increased as the compression speed increased, but decreased with further increase in compression speed. Saiedirad et al. [33] reported the rupture force and absorbed energy decreased as compression speed increased. They investigated the interaction effect of orientation, size, and moisture content on rupture energy. The lowest difference in absorbed energy among different levels of moisture content was related to large size.
Power of cracking. Power of cracking values determined along the X axis were higher than those observed for either the Y and Z axes (Fig. 6 ). And also the power of cracking observed when testing almond nuts along the X axis was greater than that of the other axes tested at the higher compression speeds. The effect of the cultivar, compression axis and speed on power of cracking was significant (P < 0.01). The loading axis with the lowest values for power of cracking was the Z-axis. Power of cracking measured while loading along longitudinal axis (X-axis) ranged from 0.20-0.73 W (Nonpareil), 0.20-0.67 W (Picantili), and 0.18-0.65 W (Drake) cultivar, respectively. The lowest power of cracking values changed from 0.17-0.58 W (Nonpareil), 0.14-0.48 W (Picantili), and 0.15-0.44 W (Drake) when loading along the Z-axis for the three compression speed categories tested. The power of cracking values for almond cultivars tested in the X-axis were higher than almonds tested in the Y and Z axes. The mean power required of cracking values of almonds ranged from 0.04 W, 0.81 W, and 1.15 W along the 5, 100, and 200 mm/min loading rate, respectively. [15] These results are slightly higher than those of reported for almond in this study. Khazaei et al. [15] reported the required power for cracking increased with increasing almond dimension and the compression speed. The difference between power of cracking big and medium almonds was not statistically significant.
CONCLUSION
The geometric characteristics and mechanical properties of almond cultivars were determined. The greatest values of size dimension were obtained for Picantili cultivar, whereas, sphericity and surface area values were for Nonpareil cultivar. The mechanical behaviour of almond cultivars to crack was determined by measuring the average rupture force, specific deformation, absorbed energy and power of cracking along the X, Y, and Z axes at different compression speeds. The greatest amount of force required to crack the nut was required when nuts were loaded along the X-axis and the least compression force was required along the Z-axis for Nonpareil, Picantili, and Drake cultivars. The highest rupture force occurred for Nonpareil loaded on the X axis among the three almond cultivars, whereas the highest specific deformation and absorbed energy obtained for Drake cultivar. The results indicated that when testing the effect of compression axis on the rupture force is highly dependent on almond cultivars. The lowest force needed to rupture of almond was found with Drake at 199.8 mm/min compression speed among almond cultivars. The lowest force and absorbed energy for initiation of rupture were obtained in Drake cultivar as compared to other cultivars. Rupture force decreased with an increase in compression speed ranged from 50.4-199.8 mm/min. The power of cracking values for almond cultivars tested in the X-axis was higher than Y-and Z-axes. The lowest power required to rupture of almond was found in almond cultivars with Drake that were tested at 199.8 mm/ min compression speed. The selected mechanical properties such as rupture force, specific deformation, absorbed energy and required power to crack for almond were affected by the geometric mean diameter, shell thickness and compression axis and speed.
